• Pre-extinction THC administration has been shown to enhance extinction recall.
Introduction
Recent human and nonhuman animal research shows that the endogenous cannabinoid (CB) system plays a key role in the modulation of emotional states and the extinction of aversive memories. Although type 1 cannabinoid receptors (CB 1 ) are located throughout the brain, they are highly expressed in regions critical for the learning and retention of extinction memories, including the amygdala (AMYG), hippocampus (HPC), and ventromedial prefrontal cortex (vmPFC; Milad and Quirk, 2012) . Antagonism of CB 1 signaling, either by genetic or pharmacologic means, has been shown to lead to profound deficits in extinction learning in animals (Marsicano et al., 2002) . In contrast, pharmacological activation of CB 1 receptors, via agonists like Δ9-tetrahydrocannabinol (THC), facilitates extinction learning and its later recall (Bitencourt et al., 2008; Varvel et al., 2007) . Given the similarities between extinction processes and exposure-based psychotherapy, interventions that enhance the CB system during extinction have become a prime translational target for improving the treatment of fearbased disorders such as posttraumatic stress disorder (PTSD).
Using a double-blind, placebo-controlled between subjects design, we have previously demonstrated that pre-extinction administration of an acute dose of THC facilitates recall of extinction, in healthy adults (Rabinak et al., 2013) . In a follow-up functional magnetic resonance imaging (fMRI) study in a separate group of healthy adults, we demonstrated that THC administration was associated with increased activity within HPC-vmPFC circuitry during extinction recall, relative to PBO . Increased HPC-vmPFC activation and connectivity, and increased vmPFC cortical thickness, is associated with better extinction recall in healthy individuals (Milad et al., 2007 (Milad et al., , 2005 , likely through the suppression of conditioned fear responding via modulation of AMYG output (Quirk and Mueller, 2008) . Thus, CB system modulators have emerged as a promising pharmacological means for enhancing extinction recall via modulation of HPC-AMYGvmPFC circuitry .
The present study examines the effects of THC on fear-extinction neural circuitry during a rest period following extinction learning, to test for enduring effects of THC on functional connectivity. One previous study demonstrated that resting-state functional connectivity (RS-FC) between the AMYG and dorsomedial prefrontal cortex (dmPFC) is augmented following a Pavlovian fear conditioning session (Schultz et al., 2012) . The authors suggested that the observed RS-FC patterns following a learning session may reflect an ongoing consolidation process, whereby a strengthening of neural connections supports the more permanent storage of the memory following the learning session (Schultz et al., 2012) . Thus, given the observed effects of THC on later recall of extinction learning, we aimed to examine RS-FC patterns that may be similarly observed following extinction learning. Research in experimental animals suggests that consolidation of the extinction memory requires initiation of various molecular cascades during the post-learning period (Quirk and Mueller, 2008) .
RS-FC is conventionally computed as the correlation in activity of discrete brain regions, calculated across the entire resting-state scan. The magnitude in correlation -so-called static RS-FC -has been used to index the stable strength of connections between brain regions (Friston, 2011) . However, emerging research has evaluated dynamic RS-FC, which evaluates how relationships between brain regions change over time Chang and Glover, 2010; Hutchison et al., 2013a; Marusak et al., 2016) . Dynamic RS-FC can be investigated by measuring variability in the strength of functional connections (Allen et al., 2014; Barttfeld et al., 2015; Handwerker et al., 2012; Hindriks et al., 2016; Hutchison et al., 2013b; Marusak et al., 2016) . Prior research shows that brain regions with shared functions (e.g., bilateral homologues) tend to show lower dynamic RS-FC relative to regions involved in more flexible processes (Meunier et al., 2009; Shen et al., 2015) , and that variation in RS-FC dynamics is observed during different emotional states (Cribben et al., 2012) or arousal levels (Chang et al., 2013) . Dynamic and static RS-FC can be viewed as complementary; providing unique information about the stable connectional properties of neural connections and time-varying patterns that emerge and dissolve over time .
The investigation of static and dynamic RS-FC may provide new insights into the effects of THC on fear extinction-related neural circuitry. Given our prior studies demonstrating that THC enhances extinction recall and augments recall-related activation within HPCvmPFC circuitry (Rabinak et al., , 2013 , we predicted that THC (relative to PBO) would be associated with an increase in static RS-FC (reflecting a strengthening of neural connections) and a decrease in dynamic RS-FC (reflecting more congruent activity) following an extinction learning session, within fear-extinction neural circuitry.
Prior neuroimaging studies have demonstrated that higher activation within HPC-vmPFC circuitry is associated with increased extinction recall (Milad et al., 2007) , and we have shown that pre-extinction administration of THC enhances activation within HPC-vmPFC during recall of extinction learning 24 h later . Pre-extinction administration of THC may facilitate later recall of extinction learning by augmenting the consolidation of extinction learning. Here, we tested whether patterns of RS-FC within fear-extinction circuitry at rest following an extinction learning session correlated with the neural markers of extinction recall we reported in . We also tested for potential mediating effects of post-extinction RS-FC on the previously reported link between THC administration and activation in extinction-recall neural circuitry and extinction recall tested 24 h later.
Materials and methods

Participants
Seventy-seven right-handed volunteers (43 female), recruited from the local community via print advertisements and flyers, participated in the study. To be eligible, volunteers had to be free of any current psychoactive medications, neurological or medical illness as confirmed by a physician evaluation, and any DSM-IV lifetime Axis I psychiatric disorders (including substance use disorders) as confirmed by the Structured Clinical Interview for DSM-IV (SCID-NP; First et al., 2002) . Moreover, participants had a minimal history of marijuana use (limited to < 10 lifetime exposures) to limit prior THC exposure. No participant had used cannabis within the past 30 days, which was verified by a negative urine toxicology screen at time of study. No participant was a daily tobacco smoker. Given that estradiol has been shown to facilitate fear extinction (Milad et al., 2010; Zeidan et al., 2011) , scanning for all female participants was performed about one week prior to menses onset (based on self-reports of last period and cycle length), while estrogen levels are low.
Following removal of subjects for data quality issues (e.g., movement > 3 mm; described below), the total sample was N = 75. Thirtyeight of the seventy-five participants were randomly assigned to the THC group and the other thirty-seven participants to the PBO group. Of note, data from twenty-five of the participants (THC = 11; PBO = 14) were collected at the University of Michigan (UM) and all of the UM participants in the present study were included in our previous study showing that pre-extinction administration of THC enhances activation within HPC-vmPFC during recall of extinction learning 24 h later ; subjects reported in Rabinak et al., 2013 were not included in the present study as this previous study included only behavioral measures and did not include a neuroimaging component). While included behavioral and brain measures during recall of extinction learning following pre-extinction of THC, resting-state fMRI was not reported in the previous study. Data from the other fifty participants (THC = 27; PBO = 23) were collected at the University of Illinois at Chicago (UIC). Both of these samples have been previously described in our fMRI task-based studies (UIC sample, Gorka et al., 2016; UM sample, Rabinak et al., 2014) . Of note, the study at UIC was designed to be a replication of the UM study, and thus procedures and scan parameters were similar across sites. Additionally, the THC group was composed of 14 males and 24 females, however a chisquared test yielded a non-significant association between drug group and sex (χ(1) 2 = 1.068, p = 0.301). Subject demographics for each drug group, by study site, are detailed in Table 1 . For both sites, participants were required to be between the ages of 21 and 45 to minimize developmental differences in brain maturation and cognitive function and ensure that participants were old enough to provide consent to receive a controlled substance. All participants gave written informed consent after explanation of the experimental protocol, as approved by the UM and the UIC Institutional Review Boards.
Procedure
The present study reports on resting-state fMRI data collected on Day 2 as part of a three-day study (see Fig. 1 ). The study used a doubleblind, placebo-controlled, between-subject design as previously described . On Day 1, participants underwent a standard Pavlovian fear conditioning paradigm , which involved the pairing of two conditioned stimuli (CS+) with an unconditioned stimulus (US; aversive white noise burst). A third CS was presented but was never paired with the US (CS-). Twenty-four hours later, on Day 2, participants ingested an opaque gelatin capsule (size 00) with dextrose filler that contained either synthetic THC (Marinol; 7.5 mg; Solvay Pharmaceuticals, Marietta, GA) or dextrose alone (PBO) approximately 120 min prior to scanning. The dose of 7.5 mg is considered a low dose and was chosen because it has previously been used in other pharmaco-fMRI studies of emotion processing (Phan et al., 2008) and is the lowest effective dose that has been found to produce behavioral and subjective effects (Curran et al., 2002; Rabinak et al., 2013) . During the scan, participants completed extinction learning, during which one CS+ and the CS-were presented but were not paired with the US. Following extinction learning, participants completed a RS-fMRI scan, to assess potential enduring effects of THC on fear-extinction neural circuitry following extinction learning. During the eyesopen RS-fMRI scan, participants were instructed to fixate on a white crosshair that was centrally projected against a black background and let their mind wander without falling asleep. Twenty-four hours later on Day 3, participants from the UM site underwent a test of extinction memory recall during fMRI scanning, during which the CS-as well as the previously extinguished CS+ (CS+E) and the unextinguished CS+ (CS+U) were presented in absence of the US. Of note, the study protocol was identical across both study locations during Days 1 and 2, with the exception that the duration of the RS-fMRI scan differed by sites (5 min, UIC; 8 min, UM).
Subjective drug effects
At six time points throughout the Day 2 visit (baseline and 30, 60, 90, 180, and 240 min post-dose; see Fig. S1 ), participants completed a Likert-style questionnaire that assessed drug effects (0-4, where 0 = 'No Drug Effect At All' and 4 = 'Very Strong Drug Effect'). Participants also were asked to guess whether they received the PBO (coded 0) or the active drug (THC, coded 1). Importantly, participant guess of capsule contents was not associated with actual capsule contents (χ(1) 2 = 0.36, p = 0.55), suggesting that blinding was effective. Associations between median ratings of drug effect, median participant guesses of capsule contents, and THC/PBO group are presented in the Supplemental Material, using nonparametric correlation coefficients (Kendall's Tau-b). Nonparametric coefficients (Kendall's Tau-b) between median ratings of drug effect and dynamic and static connectivity measures were also calculated to explore potential relationships between subjective drug effect ratings and RS-FC patterns. These results are presented in the Supplemental Material.
Functional imaging acquisition
FMRI scanning at UM Functional MRI Laboratory was performed on a 3T GE Signa System (General Electric Healthcare; Waukesha, WI) using a standard single-channel radiofrequency coil. Whole-brain functional images (i.e., blood oxygen level-dependent [BOLD]) were collected from 43 axial, 3 mm thick slices using a T 2 *-sensitive gradient echo reverse spiral acquisition sequence (repetition time, 2000 ms; echo time, 30 ms; 64 × 64 matrix; 220 mm field of view; flip angle, 90; 240 vol), optimized to minimize susceptibility artifacts (signal loss) in the medial temporal lobe (Stenger et al., 2000) .
FMRI scanning at the Center for Magnetic Resonance Research at UIC was performed on a 3T GE MR 750 System (General Electric Healthcare; Waukesha, WI) using an 8-channel phased-array radio frequency head coil. Whole-brain functional images were collected from 44 axial, 3 mm thick slices using a standard T 2 *-sensitive gradientecho echoplanar imaging (EPI) sequence was used (repetition time, 2000 ms; echo time, 22.2 ms; 64 × 64 matrix; 220 mm field of view; flip angle, 90; 152 vol). At both sites, a high-resolution T 1 -weighted anatomical image was acquired prior to functional scanning for normalization and coregistration of functional data. Rabinak et al. Neuropharmacology 143 (2018) 289-298 
Functional imaging preprocessing
Data from seventy-five participants met criteria for high quality and scan stability with minimum motion correction and were subsequently included in the RS-FC analyses (< 3 mm displacement in any one direction). The first three volumes were discarded to allow for T 1 equilibration effects, with preprocessing of functional images integrated from Statistical Parametric Mapping software (SPM8; Wellcome Trust Centre for Neuroimaging, London; www.fil.ion.ucl.ac.uk/spm/ software/spm8). In brief, images were slice time corrected, realigned, co-registered to the T 1 -weighted image in Montreal Neurological Institute (MNI) space, re-sampled to 2 mm 3 voxels, and smoothed using a 6-mm Gaussian kernel. Images were not censured for high motion frames in order to preserve the temporal integrity of the data for the subsequent sliding-window dynamic RSFC analysis (see Allen et al., 2014) . Using AFNI's 3dTproject (Cox, 1996) and FSL (Jenkinson et al., 2002; Woolrich et al., 2009 ) eight nuisance covariates (white matter, cerebrospinal fluid, and the six movement parameters) were linearly regressed from the time series and frequencies below 0.01 and above 0.15 Hz were removed. Head motion was assessed in the dimensions of x, y, and z through translation and rotation measures using SPM8, and there were no significant between group differences in estimates of mean or maximum framewise displacement (all p's > 0.50). Following recommendations for multi-site fMRI studies (Glover et al., 2013) , we: (i) include site, as well as gender and subject motion, as a covariates in group analyses, and (ii) perform parallel analyses where the two sites are considered independently rather than combined (i.e., replication; see Supplemental Material). Previous test-retest RS-FC studies have found that site and scanner manufacturer are not significant sources of variability (e.g., Noble et al., 2017; Zou et al., 2005) . Rather, betweensubjects effects and magnetic field strength represent significant sources of variability (Noble et al., 2017; Zou et al., 2005) . Interactions between all covariates and drug group were explored but were dropped from the model after they were found to be non-significant (all p's > 0.20).
As previously reported in , extinction recall fMRI data from the UM participants were processed and analyzed using Statistical Parametric Mapping software (SPM8; Wellcome Trust Centre for Neuroimaging, London; www.fil.ion.ucl.ac.uk/spm/software/ spm8). In brief, images were slice time corrected, realigned, co- Fig. 1 . Experiment overview, results of previous findings from a behavioral study in healthy adults (Rabinak et al., 2013 ) and a neuroimaging study in a separate group of health adults , and present study aims. Of note, all of the UM participants in the current study were studied in . THC, Δ9-tetrahydrocannabinol; PBO, placebo; AMYG, amygdala; HPC, hippocampus; vmPFC, ventromedial prefrontal cortex; CS+E, previously extinguished conditioned stimulus; CS+U, previously unextinguished conditioned stimulus; CS-, safety cue (i.e., conditioned stimulus never paired with the US); US, unconditioned stimulus. Rabinak et al. Neuropharmacology 143 (2018) 289-298 registered their T 1 -weighted image, normalized to Montreal Neurological Institute (MNI) space, re-sampled to 2 mm 3 voxels, and smoothed with a 6 mm Gaussian kernel.
Resting-state functional connectivity analysis
RS-FC within fear extinction-related neural circuitry was assessed using a region-of-interest to region-of-interest (ROI-ROI) approach. Seed regions in the left AMYG, left HPC, and vmPFC were defined functionally based on 3 and 5 mm spheres centered on peak activation coordinates identified in our prior research for effects of THC (relative to PBO) during extinction learning or recall ( Fig. 2 ; . Of note, the vmPFC seed was 5 mm in radius while AMYG and HPC seeds were 3 mm in radius to ensure no overlapping voxels were contained in the ROIs. Similar results were obtained when using 5 mm radii ROIs for all regions. These results are presented in the Supplemental Material (Figs. S1 and S2 ). AFNI's 3dmaskave was then used to extract the averaged time series of each of the seed ROIs from the preprocessed, nuisance regressed, and filtered images. Static RS-FC and dynamic RS-FC between ROIs was calculated to characterize the stable and the fluid properties of RS-FC, respectively. Static RS-FC was measured by computing ROI-ROI correlations across the entire scan. Dynamic RS-FC was measured by subjecting the extracted time series to a sliding-window analysis (Allen et al., 2014; Barttfeld et al., 2015; Handwerker et al., 2012; Hindriks et al., 2016; Hutchison et al., 2013b; Marusak et al., 2016) , in which Pearson's R correlations were calculated using a window size of 25 TRs (50 s) at 1 TR increments (96% overlap). This resulted in 125 or 213 correlation values (UIC or UM, respectively) for each of the 3 ROI-ROI pairs.
Both static and dynamic RS-FC measures were then z-scored and the standardized values were used for between-group statistical testing. Of note, one sample t-tests were performed using the unstandardized static and dynamic RS-FC measures, as z-scores would be inappropriate due to their centering at 0. Group differences in static and dynamic RS-FC measures were conducted via general linear models in IBM's SPSS 25 (SPSS Inc., Chicago, IL). Gender, site, and mean framewise displacement were all included in the model to control for their effect, and significance is reported at p < 0.05 (two-tailed).
Association between RS-FC following extinction learning and brain activation during subsequent recall of extinction learning
As reported in , we extracted BOLD signal responses from the UM participants (parameter estimates, β-weights in arbitrary units [a.u.] of activation), averaged across all voxels within a 5-mm radius sphere surrounding the peak activations within the vmPFC and HPC ROIs from CS+E condition during extinction recall. Then, we correlated individual participant measures of static and dynamic RS-FC with magnitude of HPC and vmPFC activation to the CS+E during extinction recall reported in . Kendall bivariate correlations were conducted in SPSS and significance is reported at p < 0.05 (two-tailed).
Association between RS-FC following extinction learning and subsequent extinction recall success
During recall of extinction learning, conditioned fear was evaluated by two distinct, but complementary measures: (1) skin conductance responses (SCRs) and (2) subjective ratings of US expectancy, following (Milad et al., 2007; . SCRs were measured for each CS presentation and extinction recall success was calculated by comparing SCRs to the CS+E to those for the CS+U, with higher numbers indicating poorer extinction recall. For expectancy ratings, prior to each CS presentation participants were asked to rate their expectancy that the US would occur on a 5-point scale ("Will you hear a loud noise burst?": 1 = Definitely not; 3 = Unsure; 5 = Definitely). Higher expectancy for CS+E trials indicates poorer extinction recall. As described above, we correlated individual participant measures of static and dynamic RS-FC with SCRs and US expectancy ratings reported in . Kendall bivariate correlations were conducted in SPSS and significance is reported at p < 0.05 (two-tailed).
Meditation analyses
For brain and behavioral (i.e., SCRs, US expectancy ratings) measures during recall that were significantly associated with post-extinction RS-FC, we subsequently performed meditation analyses. In particular, mediation analyses tested whether the link between THC administration and next-day extinction recall was meditated by postextinction RS-FC patterns. Mediation analyses were conducted using the SPSS v25 PROCESS v3.0 macro, which applies a bootstrapping approach (N = 5000 bootstrap resamples) and a 95% confidence interval to evaluate indirect effects (see Hayes and Preacher, 2014) .
Results
Effects of THC on RS-FC following extinction learning
Compared to PBO, THC was associated with lower static RS-FC between the AMYG and HPC (B = −0.436; p = 0.027; Fig. 3 ), suggesting reduced amplitude in neural interactions between AMYG and HPC. However, relative to PBO, THC was associated with higher dynamic functional connectivity between the AMYG and vmPFC Fig. 3 . Effects of THC on static resting-state functional connectivity of fear-extinction circuitry. Correlation between fear-extinction regions of interest in THC (A) and PBO (B) groups, and significant group differences (C) . THC, Δ9-tetrahydrocannabinol (green); PBO, placebo (orange); AMYG, amygdala; HPC, hippocampus; vmPFC, ventromedial prefrontal cortex. C.A. Rabinak et al. Neuropharmacology 143 (2018) 289-298 (B = 0.664; p = 0.004; Fig. 4) , indicating greater time-dependent changes in connectivity within AMYG-vmPFC circuitry. Taken together, these data suggest that THC administration is associated with reduction in strength of positive static AMYG-HPC coupling, as well as an increase in flexibility in AMYG-vmPFC interactions. For description of patterns of post-extinction RS-FC across the sample, see the Supplemental Material.
Association between RS-FC following extinction learning and brain activation during subsequent recall of extinction learning
Next, we tested whether post-extinction learning RS-FC patterns in fear-extinction circuitry were associated with HPC or vmPFC activation during recall of extinction learning. We found that, across the UM sample, lower static RS-FC between AMYG and HPC following extinction learning was associated with higher HPC activation to the CS+E during recall of extinction learning 24 h later (Tau-b(21) = −0.381, p = 0.016; see Fig. 5A ). These results suggest that THC-related effects on post-extinction RS-FC (i.e., lower AMYG-HPC static RS-FC) may facilitate increased activation of extinction recall neural circuitry. Given that AMYG-HPC RS-FC was influenced by THC administration, we tested the potential mediating effect of post-extinction AMYG-HPC RS-FC on the link between pre-extinction THC administration and HPC activation during the test of extinction recall, 24 h later. The indirect effects were not significant (β = 0.04, SE = 0.07, lower limit confidence interval [LLCI] = −0.13, upper limit confidence interval [ULCI] = 0.17). There was no association between both static or dynamic post-extinction RS-FC and vmPFC activation during extinction recall.
Association between RS-FC following extinction learning and subsequent extinction recall success
Next, we tested whether post-extinction learning RS-FC patterns in fear-extinction circuitry were associated with physiological or behavioral measures of extinction recall success, per SCRs and US expectancy ratings. We found that, across the UM sample, lower static RS-FC between AMYG and vmPFC following extinction learning was associated with lower SCRs to the CS+E (vs. CS+U) during recall of extinction learning 24 h later (Tau-b(30) = 0.255, p = 0.048). Additionally, we found that, across the UM sample, lower static RS-FC between AMYG and HPC following extinction learning was associated with lower US expectancy ratings to the CS+E during recall of extinction learning 24 h later (Tau-b(25) = 0.478, p = 0.001; see Fig. 5B ). Given that AMYG-HPC RS-FC was influenced by THC administration, we tested the potential mediating effect of post-extinction AMYG-HPC RS-FC on the link between pre-extinction THC administration and next-day extinction recall, as measured via US expectancy ratings. Mediation analyses indicated a significant indirect effect from THC to US expectancy ratings to the CS+E during recall of extinction learning via post-extinction AMYG-HPC RS-FC (β = −0.390, SE = 0.192, LLCI = −0.754, ULCI = −0.007; see Fig. 6 ).
Discussion
We have previously shown that pre-extinction administration of THC facilitates later extinction recall and enhances activation within HPC-vmPFC circuitry (Rabinak et al., , 2013 , regions critical for the successful recall of extinction learning. Here, we tested for effects of THC administration on RS-FC within fear-extinction neural circuitry during the "offline" period that follows an extinction learning session, a time during which processes underlying consolidation of the extinction memory (e.g., reactivation of neuronal ensembles supporting extinction learning) are thought to be occurring (McGaugh, 2000) . Consistent with prior studies demonstrating that static and dynamic RS-FC patterns often have an inverse relationship (e.g., Chang and Glover, 2010), we found that THC was associated with enhanced dynamic but reduced static RS-FC within fear-extinction neural circuitry. Specifically, relative to PBO, THC administration was associated with higher dynamic RS-FC between the AMYG and vmPFC, and lower static RS-FC between the AMYG and HPC. These patterns may reflect the neural signature of THC effects on RS-FC, during the possible consolidation of the extinction memory. In support of this notion, we found that lower AMYG-HPC static RS-FC following extinction learning was associated with higher HPC activation to the previously extinguished cue (CS+E) during recall of extinction learning 24 h later. Additionally, we found that lower AMYG-HPC static RS-FC following extinction learning mediated the link between THC administration and lower US expectancy ratings to the CS +E during recall of extinction learning 24 h later. This suggests that THC administration reduces the strength of RS-FC in extinction-related neural circuitry during a time period in which the consolidation of the extinction memory is thought to be occurring. Further, post-extinction RS-FC explained the previously reported link between THC administration and later recall of extinction learning .
Our data suggest that THC affects the static and dynamic interactions between brain regions shown to underlie the recall of extinction learning, even in the absence of an overt task. Evidence of an "active rest" period is not surprising, as ongoing processes observed in the brain's resting state may serve to consolidate memory traces and/or potentiate action. Indeed, experimental animal models have demonstrated that pharmacological augmentation of activity in AMYGvmPFC-HPC circuitry during the post-extinction period augments extinction recall, whereas blockade (via, for example, anisomycin) impairs later recall (Quirk and Mueller, 2008) . Here, we found that THC Fig. 4 . Effects of THC on dynamic resting-state functional connectivity of fear-extinction circuitry. Variance in sliding-window correlation values between fearextinction regions of interest in THC (A) and PBO (B) groups, and significant group differences (C) . THC, Δ9-tetrahydrocannabinol (green); PBO, placebo (orange); AMYG, amygdala; HPC, hippocampus; vmPFC, ventromedial prefrontal cortex. administration increased AMYG-vmPFC dynamic connectivity, which may reflect greater flexibility in a circuitry known to be critical for the top-down regulation of fear extinction-related neural responding (Quirk and Mueller, 2008) . Previous rodent and human lesion studies implicate the basolateral AMYG and the infralimbic cortex (the homolog of the human vmPFC) in the consolidation of extinction memories (see review by Quirk and Mueller, 2008) . For example, protein synthesis in the basolateral AMYG appears to be necessary for stabilizing extinction memories, and post-extinction facilitation of AMYG activity (via the GABA-A antagonist bicuculline) improves extinction ability (Quirk and Mueller, 2008) . In humans, lesions in the vmPFC do not interfere with the ability to extinguish conditioned fear within session, but result in a deficit in retrieving the extinction memory the following day (Quirk and Mueller, 2008) . In addition, studies using a variety of pharmacological agents indicate that consolidation of extinction involves initiation of molecular cascades during the post-extinction period in the vmPFC. The vmPFC has direct inhibitory connections with the intercalated cells of the AMYG, which serve to dampen AMYG output (Amano et al., 2010; Amir et al., 2011) . Therefore, high AMYG-vmPFC dynamic RS-FC may reflect a functional pattern that supports the consolidation of the extinction memory. Consistent with this interpretation, one study found that individuals with higher AMYG-vmPFC static RS-FC following a fear reminder showed better extinction recall (Feng et al., 2016) . The authors suggested that increased communication between these regions may reflect more vmPFC-based inhibitory signaling to control the expression of the fear memory trace within the AMYG, thus improving extinction (Feng et al., 2016) .
In addition to an increase in AMYG-vmPFC dynamic RS-FC, we found that THC administration was associated with a decrease in static AMYG-HPC connectivity. Importantly, post-extinction AMYG-HPC RS-FC mediated the link between THC administration and better extinction recall the next day. These results provide a potential mechanism underlying the previously reported findings from our group and others that THC administration enhances extinction recall. Interestingly, it was weaker strength of AMYG-HPC connectivity during the post-extinction period that predicted better recall. One previous fMRI study in healthy adults found that stronger increases in AMYG-HPC RS-FC after fear conditioning predicted spontaneous recovery of fear the next day, and that these increases persisted after extinction learning (Hermans et al., 2017) . Electrophysiological studies in experimental animals have demonstrated that coordinated activity between the AMYG and HPC increases after fear conditioning (Seidenbecher et al., 2003) . Here, we found that THC administration reduced AMYG-HPC RS-FC during the post-extinction period, which may help to explain the lower expression of fear the next day. Future studies that also include a fear renewal session may help to understand whether THC affects the consolidation of the extinction memory and/or the reconsolidation of the fear memory.
Importantly, deficits in extinction recall and reduced activation within HPC-vmPFC circuitry have been demonstrated in patients with PTSD relative to trauma-exposed controls (Garfinkel et al., 2014; Milad et al., 2009 ). Thus, interventions that regulate fear-extinction circuitry, such as THC and other CB modulators, have emerged as a promising therapeutic modality for improving the consolidation and/or later recall of extinction learning among patients with PTSD . Identifying the effects of THC on fear-extinction circuitry in healthy individuals is a critical first step towards understanding therapeutic potential. THC-related changes in fear-extinction circuitry at rest may reflect processes involved in the consolidation of the extinction memory and/or sustained effects of the drug on RS-FC. Further, one recent study demonstrated that dynamic RS-FC was a better predictor of PTSD diagnosis than static RS-FC, which suggests that the "ease with which brain regions engage or disengage with other regions may be more sensitive to underlying pathology than the strength with which they are engaged" (Jin et al., 2017) . Importantly, in that study PTSD was associated with a reduction in whole-brain dynamic RS-FC, which the authors interpreted as reflecting a compromised ability to adjust behaviors and thoughts to changing environmental conditions (Jin et al., 2017) . Of note, in the present study we found that THC is associated with an increase in dynamic RS-FC between the AMYG and vmPFC, suggesting that THC may help to normalize reductions in dynamic RS-FC.
Limitations of this study warrant mention. The study was designed so that peak drug effects occurred during extinction learning. However, the drug was still on board during the RS-FC scan. Therefore, given that consolidation may begin within minutes of learning (e.g., McGaugh, 2000) , it is difficult to disentangle whether observed effects on RS-FC are due to effects of the active drug on post-extinction RS-FC, or whether observed effects would be present sans extinction. Another comparison group is needed, who did not undergo extinction learning. However, previous studies have shown that RS-FC is altered following fear-related learning tasks in healthy volunteers, and that RS-FC metrics are related to learning and behavioral performance (e.g., Schultz et al., 2012) . Indeed, here we found that THC administration was associated with alterations in post-extinction RS-FC, and that patterns of RS-FC mediated the link between THC administration and extinction recall, as measured 24 h later. Another limitation is that our study was in healthy individuals; THC-related effects on fear-extinction circuitry may differ in patient groups with known functional deficits within this circuitry (i.e., PTSD). Moreover, given that investigation of dynamic RS-FC measures is relatively recent as compared to static RS-FC, less is known about their stability, reproducibility, and their underlying physiological basis. However, several independent groups have reported reliably recurring patterns at different timescales (see review by Chen et al., 2017) , and one recent study using 7500 RS-FC fMRI datasets found that dynamic RS-FC patterns are reproducible (Abrol et al., 2017) . Further, concurrent fMRI and electrophysiology studies suggest that dynamic RS-FC may have a neurophysiological origin (e.g., Allen et al., 2018) . Nonetheless, dynamic RS-FC is a growing research area, and many questions remain in terms of methodological choices and interpretation.
Conclusions
In this work, we documented the effects of THC on both static and dynamic RS-FC within fear-extinction neural circuitry during a rest period following extinction learning in healthy individuals. We also linked post-extinction RS-FC to activation of extinction recall circuitry tested 24 h later, and our data suggest that post-extinction RS-FC patterns mediate the link between THC administration and better recall of extinction learning. The motivation for this study stems from prior evidence from our group and others that THC augments fear-extinction neural circuitry during extinction learning and its later recall, and that PTSD and anxiety disorders are characterized by extinction recall deficits and reduced activation within fear-extinction neural circuitry. Although further study is needed in patient groups, our findings add to the growing body of literature on the effects of CBs on fear-extinction neural circuitry, and their potential therapeutic relevance.
